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Mrk 509: The ten monitoring observations of Mrk 509 were made successfully between 
October 20 and November 26 last year. These observations were simultaneous with RXTE 
observations. A preliminary analysis of the RXTE observations has been done, and the light 
curve is shown in Figure 1. Our aim in this experiment is to determine the location of the 
emission region of the reflection component by reverberation mapping. This component could 
be emitted from the accretion disk, within 100 Schwartzschild radii ( R s ) from the source. 
Note that the monitoring interval of 2.5 days corresponds to 100R, for a 2 x 10 8 solar mass 
black hole, which may be appropriate for this luminous object. In that case, we would expect 
the reflected component to vary along with the direct flux, and there should be no spectral 
variability between observations. Alternatively, the reflected emission could come from the 
molecular torus, several parsecs from the nucleus. In that case, the reflection component flux 
should not vary. The light curve in Figure 1 shows that during the monitoring period, the 
target varied in an ideal way, since significant variability was observed between observations 
and yet the most rapid variability is apparently sampled. 

The analysis of this data is not yet completed. The measurement of the reflection compo- 
nent in the combined ASCA and RXTE spectra depends critically on the RXTE background 
subtraction and calibration, but these have not yet progressed to the point where the analysis 
can be done. 

Akn 564: The ASCA observation of the narrow-line Seyfert 1 (NLSl) galaxy was per- 
formed December 24 1996. Preliminary analysis indicates it was quite bright during the 
observation at 1.8 counts/s in the SIS. The source was very variable during the observation. 
While the total amplitude of variability was not so high, significant rapid variability occurred 
during nearly every orbit. Analysis indicates that the spectrum is rather similar to that of 
PG 1244+026 in that there an excess in flux near 1 keV which can be fit by an emission 
line model with equivalent width of ~ 60 eV. The origin of this peculiar feature is unknown 
and is under further investigation. However, we speculate that the line may originate in an 
ionized accretion disk. A similar scenario was postulated for the NLSl PG 1244+026 (Fiore 
et al. 1998). 

The spectral and variability results from the ASCA observation will be presented as a 
part of the sample of ASCA observations of NLSls described below (Leighly et al. 1998 in 
preparation). These data will also be combined with a simultaneous RXTE observation and 
written up separately (Edelson et al. 1998 in preparation). 

Archival ASCA Observations of NLSls: We are in the process of performing a 
comprehensive and uniform analysis of 24 ASCA observations of 22 Narrow-line Seyfert 1 
galaxies. Preliminary results were discussed in an invited talk at the 23rd IAU General 
Assembly “Joint Discussion on High Energy Transients” and in a contributed talk at the 
“Accretion Processes in Astrophysical Systems: Some Like it Hot”. The results are described 
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Mrk 509 RXTE and ASCA Monitoring Campaign 
Preliminary Results 
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Figure 1: RXTE lightcurve from Mrk 509 simultaneous ASCA and RXTE monitoring cam- 
paign. 

in the accompanying proceedings papers (Leighly 1998a; Leighly 1998b). This work was also 
presented as a contributed talk at the High Energy Astrophysics Division meeting in Estes 
Park, Colorado (abstract only). 

During this analysis, we found a peculiar absorption feature near 1 keV in the spectra 
of three NLSls, and performed a detailed spectral analysis of the data from these three 
objects. This feature suggests the presence of partially ionized material in the line of sight, 
but the derived edge energy near 1 keV is too high if the absorber is in the galaxy rest 
frame. However, the absorbing material could be in the process of being ejected from the 
nucleus at relativistic velocities, resulting in blueshifted oxygen absorption lines or edges. 
This explanation is appealing when we note the remarkable similarities between NLSls and 
broad absorption line quasars, which are well known for the broad absorption lines in their 
UV spectra indicating outflowing material with velocities up to about 10% of the speed of 
light. For example, many NLSls and BALQSOs show strong or extreme Fe II emission and 
weak [O III] emission. While these emission lines are generally anticorrelated, objects which 
have the strongest Fe II emission and weakest or no [O III] emission tend to be either low 
ionization BALQSOs or NLSls. Many NLSls and BALQSOs have red optical continuum 
spectra, and relatively strong infrared emission. In fact, infrared selection seems to pick 
out a substantial number of low ionization BALQSOs and NLSls. Finally, both classes are 
predominantly radio quiet. This paper was published last year in the accompanying paper 
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(Leighly et al. 1997a) and it also appeared in a proceedings (Leighly, Mushotzky & Nandra 
1997). It was also presented as a contributed talk at the ASCA Cherry Blossom Workshop 
(April 1-4 1997, Washington D.C.) and the paper was also presented as a poster at the 
American Astronomical Society meeting in Washington, DC in January 1998. 

We also found a warm absorber in the ASCA spectrum of one of the NLSls, IRAS 17020+4544. 
Since it has a reddened optical spectrum, it seemed possible that the ionized absorption 
in this object could be coincident with dust. Dust causes reddening in the optical spec- 
trum, but it can also cause polarization. Imaging polarimetry and spectropolarimetry of 
IRAS 17020+4544 were subsequently obtained at McDonald and Lick Observatories and the 
high polarization was confirmed. To investigate whether ionized absorption in the X-ray 
spectrum is generally associated with the presence of polarization in the optical spectrum, 
results from a sample of Seyfert 1 and 1.5 galaxies were compiled. All of the highly polarized 
Seyferts had warm absorbers in their X-ray spectra. Spectropolarimetry provides informa- 
tion about the geometry of the emission and scattering regions, and the coincidence of dust 
and the warm absorber constrains the conditions and location of this material. Therefore, 
this result holds deep implications for the origin, location and physical composition of the 
scattering, absorbing and emitting material in Seyfert 1 galaxies. This result was published 
last year in the accompanying paper (Leighly et al. 1997b). It was presented as a poster 
paper at the High Energy Astrophysics Divisional meeting in November 1997 in Estes Park, 
Colorado, and also at the “Structure and Kinematics of Quasar Broad Line Regions” in 
Lincoln, Nebraska in March 1998. 
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1. Introduction 

X-ray variability is a distinguishing property of Active Galactic Nuclei (AGN), and the energetics 
and time scales of the emission dictate that the X-rays must originate very close to the central 
engine. In this review I discuss two basic topics from AGN variability research. The first is the 
correlation of the variability time scale with the X-ray luminosity, and the second is the structure 
of the X-ray light curve. In each case, I first review the old results that have been known for 
approximately the last 10 years and then I discuss very new results which may force us to modify 
our ideas about the origin of AGN X-ray variability. Note that I am discussing the variability of 
non-blazar type AGN. 

2. AGN Variability Time Scales 
2.1. THE OLD RESULTS 

No matter how you measure it, the time scale of X-ray variability is always observed to be inversely 
correlated with the 2—10 keV luminosity. Lower luminosity Seyfert galaxies vary on very short times 
scales, sometimes shorter than 1000 seconds, while higher luminosity AGN vary significantly only 

muc h longer time scales of days. This result was first reported by Barr & Mushotzky (1086) 
who estimated the doubling time scale by extrapolating observed variability, but the correlation 
is also found when the time scale is measured in other, more robust ways. Lawrence & Papadakis 
(1993) found that the amplitude of the variability power spectrum (PDS) at a particular frequency 
is inversely proportional to the luminosity. This parameter is related to the variability time scale 
if all AGN have the same shape PDS, as was found in their sample. More recently, from a sample 
of ASCA observations of Seyfert galaxies, Nandra et al. (1997) found that the excess variance, 
defined as the measured variance of the light curve minus the variance due to measurement error, 
is inversely proportional to the 2-10 keV luminosity. Since the slope of the PDS is steep down 
to at least 1 x 10 -3 Hz (see Section 3.1), the measured excess variance will be larger for longer 
observations. However, this parameter can be used for ASCA light curves since all the observations 
are about the same length and have approximately the same sampling pattern. 

What could be the physical origin of this correlation? The time scale of variability can be related 
to the source size, since the emission region must be smaller than the time scale times the speed 
of light. Then the Schwartzschild radius relates the source size to the black hole mass. If accretion 
onto a black hole powers AGN and if the emission is isotropic, the luminosity must be smaller than 
the Eddington value, also related to the black hole mass. Therefore, if the luminosity is the same 
fraction of the Eddington value in all objects, it is natural for more luminous objects to vary more 
slowly. However, the dependence does not appear to be exactly one-to-one, possibly a result of a 
shallow increase in Eddington fraction in more luminous objects; see Lawrence & Papadakis 1993 
and Nandra et al. 1997 for further discussion. 




2-10 keV luminosity (xIO 44 


Figure 1. The excess variance versus 2-10 keV X-ray luminosity from ASCA observations of AGN. The open 
triangles from Nandra et al. 1997, mark AGN with broad optical lines and trace the established correlation of 
variability time scale with luminosity. The solid circles mark the narrow-line Seyfert Is (Leighly et al 1997b) There 
also seems to be a rough inverse correlation with luminosity but for a given luminosity the excess variance from the 
NLbls is generally significantly larger than that from AGN with broad optical lines. 


2.2. THE NEW RESULTS 

New observations show that things do not appear to be as simple as we thought when you consider, 
surprisingly enough, the optical classification of the AGN. Narrow-line Seyfert 1 galaxies (NLSls' 
not to be confused with NELGs, NLXGs, or Seyfert 2s) are identified by their narrow permitted 
lines which are only slightly broader than the forbidden lines (H/? FWHM < 2000 km/s), low [O 
IIIJA5007 to H /? ratio, and typically strong Fe II emission (Osterbrock & Pogge 1985; Goodrich 
1989). Observations using ROSAT revealed the first evidence that this class of AGN often exhibits 
high amplitude, rapid variability (e.g. Boiler, Brandt & Fink 1996; Forster & Halpern 1996) Fig- 
ure 1 shows the excess variance frqm ASCA observations of NLSls overlaid on the results found 
by Nandra et al. for Seyferts with broader optical lines (Leighly et al. 1997b). There appears to be 
again a rough correlation between excess variance and luminosity; however, for a given luminosity, 
the NLS1 excess variance is typically an order of magnitude higher. 

What could be the origin of this result? One possibility is that NLSls are characterized by a 
relatively higher accretion rate. If a higher accretion rate relative to the Eddington value implies 
a higher luminosity, then for a particular X-ray luminosity the black hole mass can be smaller 
in NLSls implying more rapid variability. This scenario is supported by the fact that the X-ray 
spectrum of NLSls is also different from that of Seyfert Is with broader optical lines. Characterized 
by a stronger and hotter soft X-ray excess component, and a steeper power law (Pounds, Done & 
Osborne 1995; Brandt, Mathur & Elvis 1997), this is reminiscent of the spectrum of high state 
Galactic black hole candidates, which are also believed to be accreting at a higher fraction of the 
Eddington rate. 

3. The Structure of the X-ray Light curve 
3.1. THE OLD RESULTS 

The EXOSAT satellite (1983-1986) had a highly eccentric orbit which allowed it to continuously 
observe a target for up to three days. In contrast, more recent X-ray missions including Ginga and 
ASCA have nearly circular orbits and therefore observations are interrupted every ~ 96 minutes by 
earth occultation and regions of high particle background. Toward the end of the mission, EXOSAT 
made long observations of a handful of rapidly variable AGN. It is from these data that we have 
gained most of our knowledge about the structure of the X-ray light curve, due to the great difficulty 
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Figure 2. The soft X-ray light curve from the 1995 monitoring of the broad-line radio galaxy 3C 390.3 using the 
ROSAT HRI (Leighly et al. 1997a). The flares and quiescent periods before and after the flares are characteristic of 
nonlinear variability (Leighly &; O’Brien 1997). 


of doing time series analysis on light curves with gaps. The result is that the light curves can be 
described by a steep and essentially featureless power law with P(u) oc v~ Q where the slope a « 1.5 
between 10“ s and 1(T 3 Hz (Lawrence et al. 1987; McHardy & Czerny 1987; McHardy 1989; Green, 
McHardy & Lehto 1993; Lawrence & Papadakis 1993). Because the power law is featureless, the 
slope of the power law is the only information available to constrain physical models. 

What kinds of model can explain this result? Shot noise, composed of randomly occurring, 
exponentially decaying flares, cannot directly explain this result since a = -2 is predicted. However, 
if there is a range of decay time scales a flatter slope would be found over a limited frequency range 
(Lehto 1989). The rotating hot spot model attempts to explain the variability in a more physical 
way. The emission from active regions distributed on a Keplerian accretion disk will be modulated 
by Doppler and gravitational effects and occultations, and the superimposed individual light curves 
will produce a steep power-law PDS (e.g. Abramowicz et al. 1991; Abramowicz et al. 1992; Zhang 
& Bao 1991; Bao & 0stergaard 1995). AGN broad band continuum spectra support this model. 
Hard X-rays are thought to be produced in a corona lying above a disk, the source of the optical 
and UV emission. Since the UV luminosity L uv is typically much larger than L x the corona should 
not cover the disk completely but rather be patchy (Haardt, Maraschi & Ghisellini 1994). 

3.2. NEW RESULTS 

In 1995 we observed the broad-line radio galaxy 3C 390.3 every three days for nine months, obtaining 
the first well-sampled AGN X-ray light curve on these time scales (Leighly et al. 1997a; Figure 2). 
Considerable structure is seen, including flaxes and periods of quiescence before and after the flares 
where the variability is significantly reduced. This structure is characteristic of nonlinear variability 
(e.g. Vio et al. 1992). Here “nonlinear” is used in the mathematical sense and it means that the 
light curve can not be modeled as a sum of independent events. Time series analysis found that 
nonlinearity was detected with > 6 a confidence (Leighly & O’Brien 1997). This result is important 
because it rules out shot noise and rotating hot spot models discussed in the previous section since 
in those models the events which superimpose to form the power-law PDS are independent. 

The flares and reduction in variability before and after the flares is similar to that observed 
in Ginga light curves from the Galactic black hole candidate Cygus X-l (Negoro et al. 1995). A 
self-organized critical (SOC) disk model was developed to explain this result (Mineshigc, Ouchi & 
Nishimori 1994). The disk is assumed to be composed of numerous reservoirs, and when a critical 
density is reached in a reservoir, an instability is triggered, and an avalance of accretion results in 
a flare. The reservoirs are coupled providing the essential nonlinearity in this model. Large flares 
result when the instability is triggered in many adjacent reservoirs. A reduction in variability is 
produced after large flares because the reservoirs must fill again, while it is found before the large 




flares because they are more likely to occur if no small flares have happened to release the potential 
energy. This model cannot be directly applied to AGN, since the X-rays most likely do not originate 
in the disk; however, SOC models are quite general. 

Nonlinear variability has been recently reported in a series of ROSAT monitoring observations 
of NLSl IRAS 13224—3809 (Boiler et al. 1997) and in fact it is also detectable in the ASCA light 
curve from this object (Leighly et al. 1997b). However, it was not detected in the set of EX OS A T 
long observations discussed in the previous section, although several groups have looked (Krolik 
Done & Madejski 1993; Lehto, Czerny & McHardy 1993; Czerny & Lehto 1997). Low signal-to-noise 
is a possible problem. The SNR of the 3C 390.3 light curve is about 30, and if I degrade the data 
by adding and subtracting noise, I lose the nonlinearity detection at SNR ss 10. An alternative 
exciting possibility is that some objects exhibit linear while others exhibit nonlinear variability, 
and detection of nonlinearity could prove to be an important physical diagnostic. 

4. Future Prospects 

The field of AGN X-ray variability study is in a somewhat primitive state, especially compared to 
the study of variability of Galactic objects. The problem is that AGN generally have much lower 
fluxes than Galactic objects, and therefore low signal to noise can be a problem. A second problem 
is that AGN have much longer variability time scales and therefore the variability cannot be not 
adequately sampled in typical one-day observations. Finally, the gaps in the light curves from low 
earth orbit satellites are a severe impediment for detailed time series analysis. However, current 
and new missions soon to be launched should revolutionize the field. AXAF and XMM will have 
highly eccentric orbits like EX OS AT but much more sensitive detectors. Light curves from long 
observations of rapidly variable AGN will be amazing. RXTE, which has the advantage that about 
1/2 of the sky is available during the entire year, is currently monitoring a handful of AGN with 
intervals of days over long periods of time. The results of these observations also should be very 
exciting. ROSAT is still being used to monitor soft AGN such as NLSls. Finally, the next generation 
of all-sky monitors, including the proposed Lobster mission and MAXI which will be placed on the 
Japanese module of the space station, should be sensitive enough to obtain SNR=5 detections of 
1000 AGN per day, and high SNR flux measurements of about 25. 
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Abstract. I report the results of a comprehensive analysis of a sample 23 ASCA ob- 
servations of 21 narrow-line Seyfert 1 galaxies (NLSls). In comparison with Seyfert 1 
galaxies with broader optical lines, NLSls are more variable as parameterized by the 
excess variance during a typical 1 day observation. There is a strong correlation be- 
tween excess variance and luminosity, and also a tendency for objects with steeper 
overall ASCA spectra to show higher excess variance. Eleven objects had very steep 
hard X-ray photon indices. A soft excess component was required in 15 spectra, and 
significant absorption was found in 6 objects. Three NLSls showed features near 1 keV 
which have been interpreted as signatures of absorption in relativistically outflowing 
gas. Three others have an emission feature near 1 keV which was interpreted as emis- 
sion from photoionized neon or iron in PG 1244+026. 


INTRODUCTION 


Narrow-line Seyfert 1 galaxies (NLSls) are distinguished by their optical line 
properties. They have narrow permitted lines, with FWHM Hj3 < 2000 km/s- 
the forbidden lines are relatively weak, with (O IIIJ/H/7 < 3; they often show 
strong Fe II emission [1,2]. ROSAT observations demonstrated that they also have 
distinctive X-ray properties. They have steep soft X-ray spectra and they often 
show rapid variability [3-5]. However, the X-ray spectral and variability properties 
of NLSls cannot be studied adequately using ROSAT data because of the poor 
spectral resolution and limited band pass of the PSPC, and because the observations 
were generally not contiguous. ASCA observations provide much more information 
because of the broad band pass and the typically longer than one day observations. 
I present results from analysis of a sample of 23 ASCA observations of 21 narrow- 
line Seyfert 1 galaxies. 




2-10 keV luminosity (xIO 44 ergs/s) 

FIGURE 1. The excess variance from ASCA observations of NLSls is consistently higher than 
that from Seyfert Is with broader optical lines at a particular 2-10 keV luminosity. Superimposed 
are lines of either constant efficiency or constant mass accretion rate, where the lines are separated 
by a decade of that parameter. Dotted and dot-dashed lines correspond to assumed variability 
power spectra proportional to l// 1 5 and l// 2 respectively. 


VARIABILITY RESULTS 


Significant variability was observed from all objects except Mrk 507 and Kaz 163. 
The excess variance, defined as the true variance minus the variance due to mea- 
surement error, provides an estimate of the inverse of the variability time scale 
assuming that for all objects the sampling pattern is the same and the variability 
power spectrum has the same slope [6], The excess variance versus hard X-ray 
uminosity is shown for a sample of Seyferts in Figure 1. This figure also shows 
the fines of either constant accretion rate or constant efficiency of conversion of 
accretion potential energy to radiation. For a given luminosity, NLSls show a con- 
sistently higher excess variance than Seyfert Is with broader optical lines This can 
be most simply interpreted as evidence that NLSls are characterized by either a 
higher accretion rate or efficiency or both. 


The excess variability also seems to be related to the shape of the X-ray spectrum 
among the NLSls. I define an X-ray slope (a«) to be the energy index between 
the unabsorbed fluxes at 0.7 keV and 4 keV, the approximate logarithmic mean 
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FIGURE 2. Residuals from a power law fit in the 2-5 keV and > 8.0 keV bands. Small and 
large circles show SIS0 and SISl respectively. LEFT: There are a range of sizes of the soft excess. 
In IRAS 13324-3809 this component is very strong, while in Ton S180 it is weaker and apparently 
continues to a higher energy. The discrepancy between SIS0 and SISl is probably due to RDD 
effects. RIGHT: The absorbing material in IRAS 17020+4544 is clearly ionized [7] and there is 
marginal evidence that it may be also in IRAS 20181-2244 [8]. 

energies of the soft and hard spectral components, respectively. There is a rough 
correlation between the excess variance and a xx . However, note that this does not 
account for the correlation between luminosity and excess variance. 

SPECTRAL RESULTS 

The average spectra from each observation were fitted with a variety of models, 
and the results are summarized as follows: 

• It has been reported that the hard X-ray photon index of NLSIs is generally 
steeper than that of Seyferts with broader optical lines [3], In this sample, 
the hard X-ray photon index of the NLSIs is often very steep but not always. 
Eleven objects have photon indices near 2.4, and in the ten others, the photon 
indices range from 1.6 to 1. 9-2.1. 

• Soft excess components are often present in the spectra of NLSIs. In compar- 
ison, they are not often seen in the ASCA spectra of Seyferts with broader 
optical lines [9]. The soft excess can generally be recognized as positive residu- 
als when a spectral fit above 2 keV with a power law plus Galactic absorption 
model is extrapolated toward toward lower energies (Figure 2). A soft compo- 
nent was required in addition to the power law model to fit the spectra of 15 
objects adequately. However, the size of the soft excess relative to the power 
law varies (Figure 2). The rest frame temperature of a black body model is in 
the range 100-200 eV. 







• Absorption is not commonly found in the spectra of NLSls. In this sample 
of 21 objects, absorption is clearly observed in 6 objects, and is marginally 
detected in I other. Of the 6 spectra, the absorbing material is clearlv ionized 
in 4, and may be ionized in the other 2. The situation is different for objects 
with broader optical lines; for example, Reynolds (1996) found evidence for 
ionized absorption in 12 of 24 objects [9], Selection effects may bias the results 
however. Many of Reynold’s targets are hard X-ray selected and therefore are 

MT P c? g ? ° f l0W t0 moderate absorption columns. In contrast, many 
of the NLSls considered here are either optically selected or soft X-ray selected 
and therefore large absorption columns are selected against. Furthermore, it is 
ifficult to detect moderate or weak absorption in poor signal-to-noise ASCA 
spectra when there is also a soft excess. 

► Because of the steep spectra and often low flux, it is in general difficult to 
obtain interesting constraints on the iron line parameters from NLSls. A 
relativistic disk line was found in the spectrum of NGC 4051 [101. Iron lines 
with energy consistent with neutral iron are found in Mrk 335 and Mrk 766. 
In Ton S180, the energy of the iron line is characteristic of ionized iron [8]; 
this result was also found in the BeppoSAX spectrum from this object [11] 

' ™ ree NLSls show absorption features near 1 keV in their soft X-ray spectra, 
ese were interpreted as blue-shifted oxygen absorption edges or lines in 

l ° Utfl ° wing gas W This interpretation is supported by the 
tact that NLSls and low ionization broad absorption line quasars (BALQSOs) 
share several optical emission line and broad band continuum properties. 

Three NLSls show emission features near 1 keV. In the case of PG 1244+026 
his was interpreted as emission from photoionized iron and neon [13], 
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ABSTRACT 

We report the observation of features near 1 keV in the ASCA spectra from three narrow-line Seyfert 1 (NLS1) 
galaxies. We interpret these as oxygen absorption in a highly relativistic outflow. If interpreted as absorption 
edges, the implied velocities are 0.2-0.3 c, near the limit predicted by “line-locking” radiative acceleration. If 
instead interpreted as broad absorption lines, the implied velocities are ^0.57 c, interestingly near the velocity 
of particles in the last stable orbit around a Kerr black hole, although a physical interpretation of this is not 
obvious. The features are reminiscent of the UV absorption lines seen in broad absorption line quasars (B ALQSOs), 


but with larger velocities, and we note the remarkable 
properties of NLSls and low-ionization B ALQSOs. 

Subject headings : galaxies: active — 

galaxies: individual (IRAS 1 3224 — 3< 

L INTRODUCTION 

Narrow-line Seyfert 1 galaxies (NLSls) are defined by their 
optical line properties (see, e.g., Goodrich 1989): (l)theBalmer 
lines are only slightly broader than the forbidden lines (H/3 
FWHM < 2000 km s _i ); (2) the forbidden line emission is 
relatively weak ([O in] A5007/H/3 < 3); and (3) there are often 
strong emission features from Fe ii and high-ionization optical 
lines. It has recently been discovered that they also have dis- 
tinctive X-ray properties. ROSATVSVC observations found that 
the soft X-ray spectra are systematically steeper than in “clas- 
sical” Seyfert 1 galaxies and that the photon index appears 
correlated with the optical line width. NLSls also very fre- 
quently exhibit rapid and/or high-amplitude X-ray variability 
(Boiler, Brandt, & Fink 1996; Forster Sc Halpern 1996 and 
references therein). 

NLS l observations with ASCA, which has better energy res- 
olution and a larger bandpass, find that the steep spectrum in 
the soft X-ray band is primarily due to a strong soft excess 
component with characteristic blackbody temperature in the 
range 0. 1-0.2 keV and a relatively weak hard power law. The 
hard X-ray power-law slope is either remarkably variable 
(Leighly et al. 1996; Guainazzi et al. 1996) or significantly 
steeper than found in broad-line Seyfert 1 galaxies (Pounds, 
Done, Sc Osborne 1995; Brandt, Mathur, & Elvis 1997). The 
combination of strong soft excess and steep power law 
prompted Pounds et al, (1995) to postulate that NLS I s represent 
the supermassive black hole analog of Galactic black hole can- 
didates in the high stale. 

2. DATA AND ANALYSIS 

We considered all the ASCA data from NLS Is in the archive 
as of 1997 February and in three proprietary data sets, yielding 

1 National Academy of Scicncc/Naiiona! Research Council research 

associate 


similarities in the optical emission line and broadband 


), 1H 0707-495, PG 1404 + 226) — X-rays: galaxies 

a sample of 16 objects. A standard uniform analysis was applied 
to all data (see, e.g., Nandra et al. 1997; details in Leighly et 
al. 1997). 

In most cases, a power-law model fitted the spectra poorly, 
and an additional soft excess model was required. The soft 
component in these NLSls is hot and prominent, and a single 
blackbody is not broad enough to fit the whole energy range 
from 0.48 keV. A disk blackbody model, which is the sum of 
blackbodies (Makishima et al. 1986), is broader. Therefore, we 
fitted a disk blackbody model in the energy band greater than 
0.48 keV. However, our discussion of absorption features below 
does not depend critically on the assumed model of the soft 
continuum. Fits over a truncated energy band of more than 0.6 
keV with a single blackbody give consistent parameters for the 
absorption features, with comparable values. 

In many cases, the power-law plus disk blackbody model 
gave an adequate fit. However, a significant dip remained near 
1 keV in the fit residuals from 1H 0707—495, IRAS 
13224—3809, and PG 1404+226 (Fig. 1; also see Hayashida 
1996; Otani, Kii, & Miya 1996; Comastri, Molendi, Sc Ulrich 
1997). Similar features have been reported in ROSAT spectra 
from Akn 564 (Brandt et al. 1994) and PG 1404 + 226 (Ulrich- 
Demoulin Sc Molendi 1996). Addition of an edge to the model 
improved the fit by Ax : /degrees of freedom (d.o.f.) = 33/265, 
46/307, and 35/156, significant at a confidence level greater 
than 99.93 , for IH 0707-495, IRAS 13224-3809, and PG 
1404 + 226. respectively. For IH 0707-495 and IRAS 
13224-3809, an additional edge reduced the x 2 by 24 and 1 I, 
respectively. The best-fit parameters for these two-edge fits and 
the single-edge fit for PG 1404+226 are listed in Table 1. 

Absorption edges, a signature of highly ionized gas in the 
line of sight, are commonly found in the X-ray spectra from 
bright Seyfert 1 galaxies (see, e.g., Reynolds 1997). Oxygen 
edges from O vn and O vm at 0.74 and 0.87 keV, respectively, 
are expected to dominate the absorption profile because of the 
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Fig. 1. — Ralio of data to a power-law plus disk blackbody model, showing 
the edge-like feature around 1 keV in these three objects. Filled and open 
symbols denote summed SIS and GIS spectra, respectively. 

large abundance and cross sections. However, the edges in our 
objects are found at much higher energies than could be at- 
tributed to oxygen in the active galactic nucleus (AGN) rest 
frame. In this energy range, absorption by neon and iron is 
expected, but for abundances near solar value, it is difficult to 
produce deep absorption edges from these elements without 


also finding strong oxygen edges. Since neon differs in atomic 
number from oxygen by only two, its ionization state should 
not be drastically different. Since both oxygen and neon are 
plausibly produced predominately by Type II supernovae, their 
relative abundances should not vary much. Iron species that 
could absorb from the L shell arc still present when oxygen is 
nearly fully ionized, but the expected dominant ions have 
higher energy absorption edges than we find here, near 1.2-1 4 
keV. 

We can attribute the absorption edges to ionized oxygen if 
the absorbing material is being accelerated away from the nu- 
cleus, similar to broad absorption line galaxies (BALQSOs; for 
recent reviews, see Weymann 1995; Turnshek 1995). If we 
identify the observed edges in 1H 0707-495 and IRAS 
13224—3809 with O vii and O vm, we infer an ejection ve- 
locity of about —0.2 to —0.3 c (Fig. 2a). This interpretation 
is supported by the consistency in velocity for both ions. For 
PG 1404+226, we detect only one edge and infer velocity of 
either —0.35 or -0.20 c, depending on whether it is due to 
O vii or O vm. 

Alternatively, the absorption features may be due to reso- 
nance line absorption. The ASCA SIS detectors have moderate 
resolution (~~60 eV at 1 keV), and since the lines have a low 
equivalent width of ~50 eV, they can be detected only if the 
velocity dispersion is a vel > 3000 km s" 1 . We added “narrow” 
(a = 0) Gaussian lines to the power-law plus disk blackbody 
model, effectively modeling features narrower than the detector 
response width. Addition of an absorption line to the disk 
blackbody plus power-law model reduced the x 2 /d.o.f. by 
30/265, 25/303, and 21/151 and the second line by 15/263, 
6/301, and 14/149 for 1H 0707-495, IRAS 13224-3809, and 
PG 1404 + 226, respectively. Addition of a third line for 1H 
0707—495 and IRAS 13224 — 3809 reduced the x 2 /d.o.f. by 
20/261 and 5/298. Details of these multiple-line fits are shown 
in Table 1. The final x 2 values are comparable to the edge fit 
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TABLE I 

Spectral Fitting Results 
Power Law Blackbody 

idex Norm c kT { keV) Norm/ 

Absorption-Edge Model 


1H 0707-495 

n 63 +a71 

9 9 q 4-0.22 
\ 


0 20* 003 

0 . 26 :; 

IRAS 13224-3809 

o.48:s w 

i Q7+0 26 

1 y 1 "0.25 

2.05 

o.i ng 

0.18!; 

i PG 1404 + 226 

0.55!i£ 

1.67 ± 0.42 

l.5t” 

o.i8!”S 

0.22:; 


Absorption-Line Model 

1.6 ± 0.08 2.25 ± 0.18 5.9!^ 0 .i5 ± 0.02 

1.89 ± 0.23 1.80*132 0.13 ± 0.02 5.31”, 2 

1.68 ± 0.33 1-53””! q.i.vue 4.8:;/° 


Note. -The quoted uncertainties are 90% confidence for two parameters of interest (Ax 3 = 4.6 
- Neutral continuum absorption. The lower limit is the Galactic absorption column for the edge 
h Absorption feature depths are the optical depth r and the line equivalent width in eV for the 
arc parameters for models with more than one absorption feature. 

L ' In units of 10 "photons cm" 2 s ” at 1 keV. 

d Multiple blackbody model (Makishima cl al. 1986) times 10 \R t J[) w ) 3 * cos(0), where R w i 
source in units of 10 kpc, and 0 is the disk inclination. 
c Tentative edgc/linc identification, implying velocities in Fig. 2. 
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edge and line models, respectively. Listed on successive lines 


he inner disk radius in kilometers, D is the distance to the 
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Edge Model 




Line Model 



Fig. 2b 


j 1 ?™ W c h f n the ed S es and lines are identified with transitions of oxygen, the ejection velocities from the nucleus can be found. \ 2 contours show 67%, 90% 
and 99% confidence intervals; for IRAS 13224-3809, only 67% and 90% confidence are shown, {a) Absorption-edge fits; ( b ) absorption-line fits. Solid, dashed’ 
and dotted lines indicate 0 vn, O vtii, and N vt, respectively. 


results, so we cannot distinguish these models statistically. Note 
that the two lines present in all spectra are consistent in energy 
from object to object, although the differences in cosmological 
redshift (z = 0.041, 0.067, and 0.098 for 1H 0707-495, IRAS 
13224—3809, and PG 1 404 4- 226, respectively) imply a dif- 
ference of 50 eV in observed energy. Assuming that the ab- 
sorber is completely opaque and fitting with the XSPEC notch 
model (equivalent to a very saturated absorption line) gives a 
velocity profile FWHM of ~ 10,000- 14,000 km s -1 , similar to 
that found in BALQSOs. Resonance absorption is expected to 
be strong in hydrogen-like and helium-like atoms, and the ratios 
of the energies should be the same for every element. Again, 
we can plausibly identify the two common lines in all spectra 
as O vn and O vin at ~0.565 and 0.651 keV, respectively. A 
lower energy line in the 1H 0707-495 spectrum is plausibly 
N vii at 0.498 keV, while a higher energy line in the IRAS 
13224-3809 spectrum has no clear identification. These line 
identifications imply consistent ejection velocities, near 
—0.57 c (Fig. 2b ). Absorption edges should accompany the 
resonance absorption lines (Madejski et al. 1993). Adding 
O vu and O vm absorption edges to the model with energies 
fixed at the values predicted if vie ~ -0.57, we find that the 
optical depths r are consistent with zero, and the Ax 2 = 4.63 
upper limits were 0.27, 0.68, and 0.50 for O vn and 0.32, 0. 1 3, 
and 0.26 for O vm, for 1H 0707-495, IRAS 13224-3809, 
and PG 1404 + 226, respectively. In § 3 wc show that esti- 
mations ol the column densities derived from these upper limits 
arc consistent with those from the absorption-line equivalent 
widths. 

As noted above, the measured edge energies seem incon- 
sistent with those expected from iron-L species. However, iron 
is a complex ion potentially producing a complex absorption 
profile that might fit these moderate-resolution spectra. We used 


a power-law plus disk blackbody model, transmitted through 
an ionized absorber in the AGN rest frame with iron abundance 
free (Magdziarz & Zdziarski 1995). In this model, the electron 
temperature T and the ionization parameter £ are both free 
parameters, and we chose two representative values, T iow = 

3 x 10 4 K and 7 hjgh = 3 x 10 5 K. These models produced a 
worse fit overall compared with the models described above 
and required rather large iron overabundances. For T = 7j ow , 
we obtained iron abundance lower limits of 15, 29, and 17 
times solar values with AxVd.o.f. = 11/264, 13/301, and 
6/150, and for T— T hlgh , we obtained iron abundance best-fit 
values of 3.9, 7.3, and 12.8 with AxVd.o.f. = 0/264, 12/301, 
and 7/150 for 1H 0707-495, IRAS 13224-3809, and PG 
1404 + 226, respectively. Iron enhancements up to 10 with re- 
spect to oxygen might be expected in some cases, but probably 
not as large as 20 (Hamann & Ferland 1993). A high iron 
abundance could not be responsible for the strong Fe n emission < 
in NLSls, because the resulting cooler temperature decreases t 
the number of Fe + ions while the optical depth to escaping j 
Fe u increases (see, e.g., Joly 1993). : 

In summary, we tried to explain the 1 keV features using ; 

three different models. Both absorption edges and lines pro- > 

duced a good fit that could not be distinguished statistically. 

The iron overabundance model generally gave a poorer fit. 

3. DISCUSSION 

The outflow velocities of 0.2-0.6 c inferred in these objects 
are very large, larger than those observed the UV spectra of 
BALQSOs. Such large velocities could be difficult to identify 
in the UV band, because the prominent C iv line would be 
shifted out of the bandpass or into the Lyar forest, where it 
might be hard to distinguish. Also, very large velocity disper- 
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sions with moderate column densities might result in lines so 
broad that they blend in with the continuum. 

It is beyond the scope of this Letter to speculate on the 
mechanism required to accelerate material to these very large 
velocities, but it is interesting to note that the velocity implied 
by the edge fits is close to that seen in the Galactic jet object 
SS 433 of 0.26 c and to the terminal velocity predicted by 
“line locking” of 0.28 c (Shapiro, Milgrom, & Rees 1986). The 
larger velocities implied by the absorption-line fits are intri- 
guingly close to the energy of a particle in circular orbits around 
a Kerr black hole (see, e.g., Shapiro & Teukolsky 1983). How- 
ever, it seems difficult to relate this fact to a physical outflow 
mechanism. 

We obtain lower limits on the equivalent hydrogen column. 
For the absorption-edge model, assuming cross sections of 2.8 
and 0.98 x 10" 19 cm" 2 for O vn and O vm, respectively, and 
an oxygen abundance relative to hydrogen of 8.51 x 10"\ the 
O vn +0 vm equivalent hydrogen column densities are in the 
range of 0.4-1. 3 x 10 22 cm“ 2 . For the absorption lines, as- 
sumed to be on the linear part of the curve of growth, oscillator 
strengths of 0.694 and 0.416 for O vn and O vm were used, 
giving O vn+O vm equivalent hydrogen column densities of 
1. 6-2. 1 x 10 21 cm -2 . In each case, the column density upper 
limits on the absorption edges predicted to accompany these 
absorption lines were larger, which shows that this model is 
viable. While estimation of the ionization parameter depends 
on the input continuum and is beyond the scope of this Letter, 
we note that the O vm column is always larger than the O vn 
column, which implies a fairly high ionization parameter. 

Rest-frame absorption features in the X-ray spectra of broad- 
line hard X-ray-sclected AGNs are common (Reynolds 1997), 
plausibly arising in the same material as z cm ~ z ab absorption 
lines found in the UV band (see, e.g., Mathur, Elvis, Sc Wilkes 
1995). These “associated” absorption features may be related 
to the broad UV absorption lines seen in higher luminosity 
objects (see, e.g., Kolman et al. 1993). Evidence suggests that 
some aspect of the NLS 1 central engine is significantly different 
compared with broad-line objects; for example, they may be 
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characterized by a higher accretion rate relative to Eddington 
luminosity (Pounds et al. 1995). The rapid, higher amplitude, 
and perhaps characteristically nonlinear X-ray variability may 
be evidence for strong relativistic effects (Boiler el al. (997; 
Leighly et al. 1997). These results may indicate a higher level 
of activity relative to the black hole mass in NLS Is, and strong 
relativistic outflows might be expected. 

The blueshifted absorption features discussed here are rem- 
iniscent of those found in the UV spectra of broad absorption 
line quasars. A connection between NLS Is and B ALQSOs may 
be quite reasonable, considering that they have many optical 
emission line and broadband continuum properties in common. 
Many NLS Is and B ALQSOs show strong or extreme Fe n 
emission and weak [O hi] emission. Objects that have the 
strongest Fe n emission and weakest or no [O hi] emission 
tend to be either low-ionization B ALQSOs or NLS Is (Boroson 
& Meyers 1992; Tumshek et al. 1997; Lawrence et al. 1997). 
Many NLS Is and low-ionization B ALQSOs have red optical 
continuum spectra and relatively strong infrared emission (Bo- 
roson & Meyers 1992; Moran, Halpern, Sc Helfand 1996; Turn- 
shek 1997). Finally, both classes are predominantly radio quiet 
(Stocke et al. 1992; Ulvestad, Antonucci, Sc Goodrich 1995). 

An interesting possibility is that low-ionization BALQSOs 
and NLS Is have a common parent population (see, e.g., 
Lawrence et al. 1997). If so, perhaps objects with intermediate 
properties between NLS Is and low-ionization BALQSOs 
should exist. It was recently reported that NLS1 IRAS 
13349+2438 has UV broad absorption lines (Turnshek 1997). 
But while most BALQSOs are X-ray quiet, this object is a 
bright soft X-ray source and has the very steep hard X-ray 
spectrum and rapid X-ray variability characteristic of NLS 1 s 
(Brinkmann et al. 1996). 
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ABSTRACT 

We report the detection of ionized absorption in the ASCA spectrum of the narrow-line Seyfert 1 galaxy IRAS 
17020+4544. Subsequent optical spectropolarimetry revealed high polarization increasing from 3% in the red 
to 5% in the blue, which indicates electron or dust scattering as a likely origin. The broad emission line Ha is 
somewhat less polarized than the continuum, which supports a location of the polarizing material within the 
active galactic nucleus. The B aimer line decrement and reddened optical spectrum support the presence of a 
dusty warm absorber in this object. 

We compared the broadband optical polarization and ionized X-ray absorption of a collection of Seyfert 1 and 
1.5 galaxies, excluding classes of objects that are likely to have significant neutral X-ray absorption. Warm 
absorber objects are generally more likely to have high optical polarization than objects with no detected ionized 
absorption. This result lends additional support to the idea that the warm absorber is associated with dust and 
implies either that dust transmission is responsible for at least part of the polarization or that the polarization is 
revealed because of the dimming of the optical spectrum. Spectropolarimetry of Seyfert 1 galaxies generally 
locates the scattering material inside the narrow-line region and often close to or within the broad-line region, 
consistent with estimates of the location of the dusty warm absorber. 

Subject headings : galaxies: active — galaxies: individual (IRAS 17020+4544) — galaxies: Seyfert — 
polarization — X-rays: galaxies 


I. introduction 

ROSAT and ASCA observations of Seyfert 1 nuclei produced 
abundant evidence for highly ionized material in the line of 
sight. Signatures of the “warm absorber” are present in the X- 
ray spectra of about half of Seyfert 1 and 1 .5 galaxies (Reynolds 
1997). Recently, it was noticed that the warm absorber is often 
associated with optical reddening (Reynolds 1997; Brandt, Fa- 
bian, Sc Pounds 1996), which supports the idea that the warm 
absorber may coexist with dust. Dust reddens the UV-optical 
continuum spectrum, but it can also polarize it. Thus, one might 
expect high optical polarization in Seyfert 1 galaxies that show 
warm absorber features in their X-ray spectra. As part of an 
archival analysis program of ASCA data (Leighly et al. 1997), 
we discovered evidence for a warm absorber in the narrow- 
line Seyfert 1 galaxy IRAS 17020+4544. Noting that it also 
has a red optical spectrum, we strongly suspected that a dusty 
warm absorber would be present. To test the connection be- 
tween warm absorbers and optical polarization, we obtained 
spectropolarimetry and confirmed high polarization. 


2. DATA AND ANALYSIS 

IRAS 17020 + 4544 is a member of the IRAS Point Source 
Catalog (IRAS PSC) and was originally classified as a Seyfert 
2 with redshift of z = 0.0602 (De Grijp et al. 1992). The X- 
ray emission was first discovered in the cross-correlation be- 
tween the ROSAT All-Sky Survey and the IRAS PSC (Boiler 
et al. 1992). Subsequent higher resolution spectroscopy re- 
vealed Fc n lines and H/3 significantly broader than (O m] 
(Moran, Halpern, & Hclfand 1996), which forced its reclas- 


sification as a narrow-line Seyfert 1 galaxy (NLS1; Osterbrock 
Sc Pogge 1985; Goodrich 1989b). 

2.1. X-Ray Spectral Analysis 

IRAS 17020+4544 was observed with ASCA on 1995 Au- 
gust 29, and the data were retrieved from the archive. Standard 
analysis procedures were followed (see, e.g., Nandra et al. 
1997; for details, see Leighly et al. 1997), which resulted in 
approximately 33 ks of net exposure. The source was bright, 
about 0.49 counts s' 1 in the SIS0. Since our primary interest 
is in the warm absorber, we report only analysis relevant to 
that here. 

Preliminary fitting indicated spectral complexity in soft X- 
rays. We fitted a power-law plus a narrow iron line to the data 
above 2 keV, then extrapolated that fit to lower energies, in- 
cluding a neutral absorption column of N H — 3.5 ± 0.5 x 
10 20 cm -2 measured from the ROSAT PSPC spectrum; note 
that the Galactic column in this direction is 2.2 x 10 20 cm~ 2 
(Dickey & Lockman 1990). The residuals in Figure 1 show 
that the source is absorbed in soft X-rays, and there is an edge 
near 0.7 keV that is a characteristic signature of the warm 
absorber (see, e.g., Reynolds 1997). A power-law, narrow 
Gaussian (to model the iron Ka line), and additional absorption 
model over the whole range from 0.4-10.0 keV gives a poor 
fit with x 2 - 1167 for 97 1 degrees of freedom (d.o.f.). Addition 
of an absorption edge improves the fit significantly (Ax 2 = 
-131 for 2 additional d.o.f.). The edge energy is 0.71 ± 
0.02 keV (errors are 90% for one interesting parameter), 
roughly consistent with O vn absorption. Addition of another 
edge gives no improvement in fit. Following Reynolds (1997) 
by fixing the two edge energies at 0.74 and 0.87 keV corre- 
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Fig. I.— Ratio of a power-law plus absorption column obtained from ROSAT 
spectrum (3.5 x IO 20 cm" 2 , Galactic N„ = 2.2 x IO 20 crrT 2 ) model fit above 
2 keV and extrapolated to low energies. The open and filled circles correspond 
to the SISO and SIS1 spectra, respectively, while the crosses correspond to 
the GIS2 and GIS3 spectra. 


sponding to O vn and O vttt results in a slightly worse fit than 
the single edge fit by Ax 2 = 8 with the optical depth of the 

0 viii edge equal to zero. This suggests that the ionization state 
of the warm absorber is somewhat low compared with those 
of objects studied by Reynolds (1997). 

Next we model the warm absorber with the photoionization 
model Absori, available in XSPEC (Magdziarz & Zdziarski 
1995). This model results in a somewhat poorer fit (x 2 /d.o.f. = 
1071/969) than the edge model but provides an estimate of the 
ionized column density of jV h . = 2.5!™ x 10 21 cm -2 and the 
ionization parameter £ = 9.5!J 9 . Evidence for emission around 

1 keV remains in the residuals. This feature can be modeled 
as a marginally resolved line at 1.1 keV with an equivalent 
width of 75 eV, and then N w = 3.5!™ x 10 21 cm' 2 , $ = 
6.1!’;$. intrinsic N H = 5.5! 2 ;^ x IO 20 cm' 2 , and x 2 /d.o.f. = 
1016/967. The I keV feature may be similar to the emission 
features seen in the X-ray spectrum of other NLSls, possibly 
a blend of photoionized iron and neon emission lines (e.g., PG 
1244+026: Fiore et al. 1997; Ton S180 and Akn 564: Leighly 
et al. 1997). 

2.2. Spectropolarimetry 

We obtained spectropolarimetry data on IRAS 17020+4544 
at the Lick Observatory 3 m telescope with the KAST spec- 
trograph (see, e.g., Martel 1996) and at the McDonald Obser- 
vatory 2.7 m telescope with the Large Cassegrain Spectrograph 
(see, e.g., Hines & Wills 1993). Figure 2 shows spectropolar- 
imetry results. The polarization position angle is constant at 
about 166° and is therefore not shown. We measured the host 
galaxy axial ratio on the Digitized Sky Survey image to be 
0.55 ± 0.02 with a position angle of 168° ± 1°, in good agree- 
ment with the polarization position angle. Broadband imaging 
polarimetry measurements with the McDonald Observatory 2. 1 
m telescope (Grupe et al. 1997) agree in position angle and in 
the blue but find lower polarization in the red, probably a result 
of a larger aperture (7'.'4 diameter compared with 2" slits). Wc 
find the following (filter, effective wavelength, and percentage 
polarization, respectively): U, 3600 A, 7. 1 ± 3. 1 ; CuS04, 4200 
A, 3.93 ± 0,35; none, 5700 A, 2.42 ± 0.18; and RG 630, 7600 
A, 1.68 ± 0.20). The spectropolarimetry data indicate that the 
continuum is polarized at about 3% at the red end, increasing 
to 5% at the blue end. The Baimer lines of Ha (and perhaps 
H/3) arc less polarized than the continuum average, and the 
[N n] XX6548, 6583 and [O m] XX4959, 5007 lines may be 
slightly less polarized than the Baimer lines. In polarized (lux 
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Fig. 2.— Spectropolarimetry of IRAS 17020 + 4544 uncorrected for redden- 
ing or redshift. The Lick data (60 minute exposure on 1997 March 8) were 
matched to the McDonald data (200 minutes exposure on 1997 April 8 and 
10), taking into account small differences in polarization in the red, possibly 
the result of host galaxy starlight. The flux is in units of 10 15 ergs - ' s ' 1 cnT : 
A ! . The second panel is the polarization (strictly Stokes q rotated to a position 
angle of 163°), and the third is the corresponding polarized flux. No other 
corrections were made, as lack of strong stellar absorption lines in the direct 
flux spectrum suggests little contamination. 


the [O iii]/H/3 ratio is lower than in direct flux, and the 
[N n] X6583/Ha ratio may also be slightly lower. The direct 
and polarized flux widths are reasonably similar in Ha; this is 
probably true but more difficult to measure in H (3. Since the 
widths of the Baimer lines are similar in polarized and direct 
flux, and the continuum polarization clearly rises to the blue, 
we can conclude that reflection by dust or electrons is a likely 
cause of the polarization, although dust transmission may con- 
tribute (see below). This is in agreement with a sample of 
NLSls observed by Goodrich (1989b). We note also that high 
polarization is often found in dusty IRAS-selected active ga- 
lactic nuclei (AGNs) (see, e.g., Wills & Hines 1997). 

In direct flux, Ha/H/3 = 8.4. Following Reynolds et al. 
(1997), for a Galactic interstellar medium dust-to-gas ratio and 
assuming an intrinsic ratio of 3. 1 (Veilleux & Osterbrock 1 987), 
wc derive 4.0 x 10 2 ’ cm -2 for the column density, roughly 
consistent with the ionized column density measured in ihe X- 
rays. This result supports the association of the dust with the 
ionized gas and suggests that the broad lines are seen through 
most of the obscuring screen. In polarized flux, Ha/H/3 was 
~~3.5; however, statistics were not good enough to measure the 
lines accurately. The polarized flux spectrum is nearly flat, as 
the reddening seen in the direct flux spectrum cancels the rise 
to the blue in polarization. 
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3. DISCUSSION 

On the basis of the discovery of the warm absorber in IRAS 
17020+4544, we postulated high polarization and found that 
it was present. We collected data from the literature to test the 
generality of the association between the presence of the warm 
absorber and high optical polarization. 

The sample was chosen carefully. Because our goal was to 
test the association of the ionized absorber with optical polar- 
ization, we excluded objects in which high neutral columns 
are expected, since dust associated with the neutral column 
could also produce polarization. Therefore, we included Seyfert 
1, 1.5, and narrow-line Seyfert 1 galaxies, but excluded Seyfert 
1.8, 1.9, and narrow emission line galaxies (NELGs), which 
are often reddened, suffer X-ray absorption, and lie in galaxies 
viewed at a high inclination angle (Goodrich 1989a, 1995; 
Lawrence & Elvis 1982; Mushotzky 1982; Forster et al. 1997)! 
We also excluded objects at low Galactic latitude to avoid 
polarization by the Galactic interstellar medium; nevertheless, 
this contributes a systematic error of about 0.39M).4%. Optical 
polarization of Seyfert 1 galaxies is correlated with the axial 
ratio of the host galaxy (Berriman 1989; Thompson & Martin 
1988), so we exclude objects with low b/a (IC 4329a, Mrk 
1040) unless differences in line and continuum polarization 
indicate that the absorber is inside the AGN (3A 0557-383: 
Brindle et al. 1990b). Broad-line radio galaxies are also ex- 
cluded, since a contribution to their polarization may come 
from a nonthermal component (Rudy et al. 1983; Antonucci 
1984), and they also sometimes show weak intrinsic neutral 
X-ray absorption (Wozniak et al 1997). 

The resulting sample comprised all the objects from Reyn- 
olds (1997) excluding those listed above, MR 2251-178, for 
which we found no polarization measurement, and 3C 273. We 
included Mrk 766 (Leighly et al. 1996), IRAS 13349 + 2438 
(Brandt et al. 1997), 3 A 0557 — 385 (Turner, Netzer, & George 
1996), and NGC 7213 (Otani 1996) and Akn 120, 1 Zw I, Mrk 
478, Mrk 279, and Mrk 1 10 (from the archive and analyzed 
by K. M. L. following § 2.1 and Reynolds 1997; warm ab- 
sorbers were not detected in these objects). Broadband polar- 
ization measurements in the band 3800-5600 A, which is blue 
enough to minimize dilution by cool starlight, were used. The 
values were taken predominantly from Berriman (1989), except 
for Mrk 766 (Goodrich 1989b), IRAS 13349 + 2438 (average 
of B and V bands; Wills et al. 1992), Mrk 335 and Mrk 1 10 
(Berriman et al. 1990), and IRAS 17020+4544 (presented 
here). 

The polarization versus column density is shown in Figure 
3. Open circles mark the ionized absorber column density in 
objects in which a warm absorber was detected, while filled 
circles plot the excess neutral column density over Galactic 
column density in objects with no detectable warm absorbers. 
Objects with no measurable excess neutral column are assigned 
N H “ 1 x 10“° cm' 2 , approximately the level of systematic 
error from ASCA spectra, and errors equal to max {fit upper 
limit, l x 10 ° cm }. The neutral column density of the warm 
absorber objects is not taken into account, since the warm 
column density is very much larger than the cold column den- 
sity in all cases except 3 A 0557- 383. This plot shows that 
objects with high optical polarization (>I%) are very likely 
to have warm absorbers. However, the converse is not generally 
true; i.e., objects with high ionized columns do not necessarily 
have high optical polarization. Two notable examples, NGC 
3783 and NGC 35 16, are discussed below. Note that scatter is 
expected since the warm absorber can in principle respond 



Fig. 3. Absorption column vs. polarization. Open circles : ionized column 
density of objects with warm absorbers detected in ASCA spectra \ filled circles: 
excess neutral absorption over Galactic absorption in objects with no detectable 
warm absorber (sec text). The star marks the position of IRAS 17020+4544. 
Dashed curve: predicted maximum polarization from dust transmission. Dotted 
cun j es: predicted polarization from scattering assuming 1% intrinsic polari- 
zation and two assumed ratios of scattered to direct flux: 0.1 and 0.01 for 
upper and lower curves, respectively. 

rapidly to ionizing flux changes while dust properties are ex- 
pected to change on much longer timescales. Nevertheless, the 
KS test indicates a different distribution of polarization of warm 
and cold absorber objects with 99% confidence. 

Brandt et al. (1996) first speculated that the high degree of 
optical reddening in IRAS 13349 + 2438 could be reconciled 
with the bright soft X-ray emission only if the gas associated 
with the dust responsible for reddening were ionized. Reynolds 
(1997) found a strong relationship between the reddening of 
the optical spectrum and the optical depth of the ionized ab- 
sorber O vii edge in a sample of 24 AGNs. In a sample of 
bright soft X-ray-selected objects, Grupe et al. (1997) found 
that significant polarization occurred in objects in which the 
degree of optical reddening was too high to be consistent with 
the relatively unabsorbed soft X-ray spectra unless the gas were 
ionized. These results all support the association of the warm 
absorber with dust. 

Generally speaking, in Seyfert 1 and 1.5 galaxies, the narrow 
emission lines are less polarized than the broad lines, which 
are in turn less polarized than the continuum, indicating that 
the scattering material is interior to the narrow-line region 
(NLR). Many Seyfert I and 1.5 galaxies show changes in po- 
sition angle across the broad emission lines (see, e.g., Goodrich 
& Miller 1994; Martel 1996) and variability in the polarization 
properties on timescales of months to years (Martel 1996; Smith 
el ai. 1997), indicating that the scattering region is not much 
larger than the broad-line region (BLR). If the dust is associated 
with the warm absorber, it must be located far enough from 
the nucleus that the dust does not evaporate. MCG -6-30-15 
apparently has an inner and outer warm absorber (Otani el al. 
1996), and it is probable that the outer one is dusty (Reynolds 
et al. 1997). Since it is unlikely that the dust could condense 
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out of ionized gas, a source of dusty gas that can then be ionized 
is required; this could be a wind off the molecular torus lying 
at a radius between the BLR and NLR radii in unified models 
(Reynolds et ah 1997). It has been suggested that dust ab- 
sorption may naturally result in a line-free zone between the 
BLR and NLR (Netzer Sc Laor 1993). The narrow “associated” 
UV absorption lines may originate in warm absorber material 
(see, e.g., Mathur, Elvis, & Wilkes 1995); since these are su- 
perposed on the broad emission lines, a location outside the 
BLR is required. These results all support a similar location 
for the polarizing material and the dusty warm absorber. 

The warm absorber measures conditions in Iine-of-sight gas. 
If the same material is responsible for the warm absorber, red- 
dening, and polarization, then dust transmission must be re- 
sponsible for at least part of the polarization. The dashed line 
in Figure 3 shows the predicted polarization versus column 
density for the dust transmission mechanism. We assumed the 
empirical laws appropriate for the Galactic interstellar medium 
(Clayton & Cardelli 1988), including a maximum polarization 
^nax ~ 9% E(B — V), a ratio of total-to-selective extinction 
ofR v = 3.1, and the N H -to-reddening relation fromHeiles, Kul- 
karni, & Stark (1981). Polarization should lie below this line 
if dust transmission is the only polarizing mechanism. However, 
dust and electron scattering may also contribute to the polar- 
ization; furthermore, the geometry, grain alignment, dust com- 
position, and dust-to-gas ratio are probably different in the 
AGN. Another possibility is that high polarization is revealed 
as a consequence of the suppression of the unpolarized direct 
(rather than scattered) light by reddening (see, e.g., Wills et ah 
1992). The dotted lines in Figure 3 show the predicted polar- 
ization versus N H for this model. We assumed that the intrinsic 
maximum polarization is 7%, seen when the direct continuum 
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is completely attenuated, and that the ratio of scattered to direct 
light is 0.1 or 0.0 1 (upper and lower curves, respectively). 

While NGC 3516 and NGC 3783 have among the highest 
ionized column densities (/V„ = 100 and 204 x 10"° cm" 2 ), 
they have only moderate polarization (-0.83% and -0.40%’ 
respectively) and are not substantially reddened (Reynolds 
I997j. Perhaps only the inner warm absorber is present or the 
dust has been destroyed in these objects. Electron scattering 
could be the origin of the moderate polarization. No strong 
wavelength dependence is seen in either object, consistent with 
this idea (NGC 3516: Martel 1996; NGC 3783: Brindle et al. 
1990a, 1990b). Goodrich Sc Miller (1994) find that a maximum 
of 7% polarization can be obtained in Seyfert 1 galaxies when 
the optical depth is r = 1. The ionized column densities present 
an optical depth of r = 0. 1 , and therefore the observed polar- 
ization could be consistent with an origin of scattering by free 
electrons in the ionized gas. 

It would be interesting to extend this work to include Seyferts 
with significant neutral absorption: Seyfert 1 .8 and 1 .9 galaxies 
and NELGs. All together, this may support a picture in which 
the dust, ionized gas, and broad emission line clouds have a 
common origin in Seyfert 1 galaxies and intermediate-type 
Seyferts, with a decreasing inclination angle reducing the 
amount of obscuring material in the line of sight but revealing 
gas of increasing ionization parameter. 
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